Major-and trace-element data and Nd isotope compositions for granitoid samples from the Grampian Highlands in Scotland, show a systematic evolution in the composition of their sources in course of the Caledonian Orogeny. 511 to 451 Ma old granitoids, related to the collision of the Midland Valley island arc with the Grampian terrane, show S-type affinity and fractionated REE patterns with minor Eu-anomalies and low initial ε Nd values of -14.1 to -11.2 suggesting melting of predominantly Dalradian metasediments. Subsequently formed granitoids of 425 to 406 Ma derived from an assumed Andean plate margin comprise a wide spectrum of rock types including I-type granite-granodiorite, and S-type granitoids, monzonites, as well as alkali granites. The trace-element patterns of these rocks and a range of initial ε Nd values of -2.1 to -6.9 consistent with melting variably rejuvenated crust as found in continental margin settings. We conclude that the Grampian Highlands were affected by two major crust-modifying events during the Caledonian Orogeny: predominantly recycling of older crust during docking of the Midland Valley arc and addition of juvenile material to the crust during the convergence of Avalonia with Laurentia. The latter event resulted in significant additions of juvenile mantlederived material to the crust.
Introduction
The granitoids of the Grampian Highlands form an important member of the Caledonian mountain belt of Scotland and Ireland. They have been interpreted as originating from the Caledonian orogenic cycle from ~600 to 395 Ma beginning with continental rifting and opening of the Iapetus Ocean, arc-continent collision and subsequent subduction, as well as final plate collision (see reviews of e.g. Stephenson & Gould 1995; Oliver 2003; Strachan et al. 2003) . Thus the Grampian Highlands present a field laboratory to develop and test models for the geodynamic evolution of the margin of Laurentia as well as the Caledonian Orogeny. In the Grampian Highlands widespread magmatism was caused by the collision of an island arc with the passive Laurentia margin, known as the Grampian Orogeny, and subsequent plate subduction beneath the accreted arc. Granitic rocks produced during these stages provide petrographical, geochemical, and isotope evidence for melting of compositionally different sources as the Caledonian Orogeny was underway (e.g. Brown 1979; Harmon et al. 1984; Halliday 1984; Thirlwall 1988) . A drawback of the earlier studies of the granitoids of the Grampian Highlands is the fact that in many cases geochronological, isotope or geochemical data were interpreted independently due to the lack of comprehensive geochemical-isotope data sets. To date many plutons are known on a reconnaissance basis only and their apparently complex petrogenesis together with potential magma sources needs still to be investigated in more detail. In this study, we interpret major-and trace-element data as well as Sm-Nd isotope systematics in granitoid samples related to the collision of the Midland Valley arc with Laurentia and the subsequent subduction of oceanic lithosphere when Avalonia converged with Laurentia. Age constraints on the igneous events and emplacement of the samples of this study are provided by new ion-microprobe zircon ages presented in a companion paper (Oliver et al. 2008) .
type plate margin setting of the Grampian terrane after the Midland Valley island arc was accreted (Dewey 1971; van Breemen & Bluck 1981; Soper 1986; Thirlwall 1988; Oliver 2001) . The final voluminous granite magmatism following docking of Avalonia has raised much speculation regarding the underlying geodynamic causes (e.g. Bluck 2001; Oliver 2001) . It has been discussed in the context of an oblique collision of Avalonia and Baltica with Laurentia at ca. 435 Ma and accretion of Armorica at ca. 410 Ma (Soper & Hutton 1984; Oliver 2003) . Atherton & Ghani (2002) were the first to explain the final magmatism by slab break-off during the latestage of subduction. Recent publications by Oliver (2003) and Oliver et al. (2008) have refined the slab break-off model for the British Caledonides. The Caledonian granites show mainly S-and I-type characteristics. This classical division was originally established for the granitoid suite of the Lachlan Fold Belt in SE Australia by Chappell & White (1974) and has been applied to granite suites all over the world. S-types are peraluminous and derived from sedimentary protoliths whereas I-types are peraluminous to metaluminous and extracted from igneous protoliths. Typically, S-types exhibit higher initial Sr isotope ratios and higher K, Rb, and Pb but lower Na, Ca, and Sr contents when compared to I-types (Chappell & White 1992) . Further recognized varieties within the Caledonian suite are Atype granites. A-type granites are interpreted as of anorogenic origin and characterized by high SiO 2 , Fe/Mg, Ga/Al, Zr, Nb, Ga, Y and Ce, and low Ca and Sr (e.g. Whalen et al. 1987) . However highly fractionated I-and Stype granites may exhibit similar chemical features (Whalen et al. 1987 ). Many of the Caledonian granitoids show transitional compositions of S-and I-type or I-and A-type underlining the difficulty to unravel their petrogenesis with geochemical discrimination diagrams.
Samples and analytical methods
For the purpose of constraining source evolution and possible tectonic settings of the granitoid and related rocks, twenty-five samples thought to be representative of the Caledonian Orogeny were analyzed. Samples assigned in this study to the "collision stage" are those referred to by Stephenson & Gould (1995) as belonging to the synand late-tectonic stages. They characterize the main tectonic event namely the collision of the Midland Valley arc with the Grampian Highlands. The subsequent stage with Andean-type magmatism is referred to the "subduction stage" and includes those attributed to the post-tectonic stage by Stephenson & Gould (1995) . A brief petrographic sample description, available ages including new zircon ages determined by SHRIMP (Oliver et al. 2008) , and sample localities are listed in Table 1 . The sampled intrusions are indicated in Fig. 1b . The zircons data of Oliver et al. (2008) were used to establish the chronology of the emplacement of the samples and calculate initial ε Nd values. Some intrusions yielded little precise zircon ages due to open system behaviour of the U-Pb system during Barrovian metamorphism at 470 Ma (Sm-Nd garnet age; Oliver et al. 2000) . For example the discordant U-Pb zircon data of RC-15 (Rough Craig) yielded only a little precise intercept age of 511 ± 37 Ma. For the Dunfallandy Hill intrusion (samples DH-1 and DH-2) we assume a similar age as for the Rough Craig intrusion (sample RC-15) as they are isotopically and geochemically similar and the Rb-Sr whole-rock isochron age of 481 ± 15 Ma for the Dunfullandy Hill intrusion (Pankhurst & Pidgeon 1976 ) overlaps within errors with that of RC-15. Fresh rock chips were ground in a tungsten carbide mill. The major-and some trace-element concentrations were analyzed by XRF at the University of St. Andrews, Scotland. Analytical details are described in Stephens and Calder (2004) . Repeated analyses of sample GK-3 (N=10) yielded an external precision of ± 5% (2 s.d.) for most major-and the reported trace-elements. La, Ce, Nd, and Th at very low concentration levels (< 20 ppm) yielded a precision of up to ± 30%. The accuracy is better than ± 5% (2 s.d.) for most major-and trace-element concentrations as has been determined with 20 major-element analyses of the granite rock standard GA and 6 trace-elements analyses of the granite rock standard AC-E. After evaluation of the XRF-data set, a subset of fourteen samples was selected for ICP-MS trace element analysis and Sm-Nd isotope measurements. Trace-element analysis by inductively coupled plasma mass spectrometry (ICP-MS) was performed at the Geoforschungszentrum Potsdam, Germany, and followed the procedures of Dulski (2001) . The sample powders were dissolved under pressure by a mixture of HF and HClO 4 using an acid digestion system (Pico Trace, Germany).The external precision is better than ± 5% (2 s.d.) and the accuracy is better than ± 6% (2 s.d.) as determined on well known international reference materials (Dulski 2001) . The Sm and Nd isotope ratios were determined at the University of Munich, Germany, using a Finnigan MAT 261 thermal ionization mass spectrometer (TIMS) and a dynamic quadruple mass collection routine for Nd and a single cup routine for Sm. The chemical procedures are outlined in Hegner et al. (1995) Nd ratios are precise to 0.2% (2σ) as verified on the Caltech reference solution (Wasserburg et al., 1981) . The external precision of the initial ε Nd values is ± 0.3 ε Nd units (2σ). The Nd and Sm concentrations determined by isotope dilution and ICP-MS agree for most samples to within 5%. Larger deviations in some samples are probably due to heterogeneous sample powders.
Results

Major-and trace-element data
The SiO 2 concentrations in the granitoid samples of the different tectonic stages range from 64 to 78 wt.% and classify them as granodiorite to high-silica granite (Table 2 ). In the Streckeisen diagram using CIPW normative mineral compositions (Fig. 2) , collision-related rocks are classified as granites, whereas subduction-related rocks reveal a wide compositional spectrum including monzodiorites, granodiorites, granites and alkali granites. All granitoid samples have a high-K calc-alkaline affinity as suggested by the K 2 O versus SiO 2 diagram of Rickwood (1989; not shown) . When considering the Al, Na, K, and Ca concentrations (Shand´s Index), the samples of the different tectonic stages reveal overall peraluminous compositions although at different levels (Fig. 3) . The collision-related granitoids characterized by high SiO 2 concentrations of 70 to 74 wt.% have a distinct peraluminous composition as indicated by an A/CNK ratio (molar Al 2 O 3 / (CaO+ Na 2 O+K 2 O) of 1.1 -1.3 (Clarke 1981) ). This finding indicates a strong affinity to S-type granitoids. The subduction-related granitoids exhibit variable SiO 2 concentrations of 68 to 78 wt.% and they have peraluminous to slightly metaluminous composition (A/CNK = 0.8 -1.2). This group of samples comprises transitional S-to I-type granitoids. The trace-element patterns in Fig. 4 show the typical characteristics of granitoid rocks such as a strong enrichment in incompatible elements coupled with negative anomalies of Nb and Ti and positive Pb-anomalies. In many samples there are joined negative anomalies of Eu and Sr. In the following we will describe in brief the trace-element characteristics of the samples. Of the four samples of the collision stage (DH-2, RC-15, GK-3, M-4, Figs. 4a-d) the older samples DH-2 and RC-15 (Figs. 4a, b) display steeper REE patterns (La/Yb N = 25 and 13, respectively) than in the younger ones coupled with very small negative Eu-and Nb-anomalies. The younger samples d) tend to have higher REE concentrations and less fractionated REE patterns (La/Yb N ratios = 6 and 13, respectively) than the older samples and they show little to unfractionated heavy REE (HREE) patterns. They have small positive Eu-and Sr-anomalies and contrasting the older samples, distinctly negative Nb-anomalies. The granitoids of the subduction stage depict a wide spectrum of trace-element patterns (Figs. 4e-l) and may be grouped into three types. Samples h) show subparallel REE patterns with moderately fractionated HREE patterns (La/Yb N = 10 to 24). The samples show minor negative Eu-anomalies and small anomalies for Pb and Ti. Samples P-22, P-27, LL-9, B-13, f, i, j) are characterized by little fractionated REE patterns (La/Yb N ratios = 9 to 14) and distinct negative Eu-and Sr-anomalies. Remarkable is the enrichment in Pb and Th in these samples. A third type of pattern is confined to the dykes GG-11 and P-25 (Figs. 4k, l) . The samples show an enrichment of HREE over light REE (LREE) (La/Yb N ratios = 0.3 and 1.0, respectively) with tetrad-type features (Bau, 1996) such as of convex patterns for four element groups (La-Nd, Nd-Gd, Gd-Er, Er-Lu). In addition there are very large negative anomalies of Ba, Eu, Sr, and Ti and significant enrichments of Th and Pb.
Sm -Nd isotope systematics
The Nd isotope data listed in Table 3 and depicted in Fig. 5 show a temporal variation with systematically increasing initial ε Nd values through time and ongoing orogeny. Samples of the collision stage exhibit low initial ε Nd values of -14.1 to -11.2 corresponding to mean crustal residence ages (Arndt & Goldstein, 1987 ) of 2.3 to 2.0 Ga. The granitoids produced during the subduction stage show much higher initial ε Nd values of -6.9 to -2.1 (Nd model ages 1.6 to 1.2 Ga) than those formed earlier. Published Nd isotope data of Clayburn (1988) , Frost and O'Nions (1985) , Halliday (1984) , and Hamilton et al. (1980) recalculated for new SHRIMP zircon ages of Oliver et al. (2008) plot on the data trend of samples of this study (Table 3 and Fig. 5 ) and provide additional support for the source evolution of the granitoids.
Discussion
Temporal variation in source compositions and petrogenetic processes A changing source composition from the arc-continent collision to the subduction stage is reflected in increasing ε Nd values and a change from distinctly peraluminous to transitional peraluminous-metaluminous compositions of the granitoids. Noteworthy is the high abundance of felsic intrusive rocks and the lack of intermediate compositions suggesting that crystal fractionation of mafic parental magmas was not important but instead partial melting of crustal sources in the course of underplating of crust by basaltic magmas or crustal delamination. In the following we will explore the nature of the sources and petrogenetic processes for changing granitoid compositions through time.
Collision-related granitoids. The granitoids of 511 to 451 Ma that intruded the Grampian basement during collision of the Midland Valley arc with the Grampian terrane have a distinct peraluminous S-type composition and exhibit very low initial ε Nd values of -14.1 to -11.2 corresponding to old Nd model ages of 2.3 to 2.0 Ga (Fig. 5 , Table 2 ). All these characteristics are consistent with melting of large amounts of old sedimentary protoliths. The ε Nd values of possible Dalradian metasedimentary sources reported in the literature are highly variable from ca. -7 to -22 at 500 Ma (average about -14, corresponding to a Nd model age of 2.3 Ga; O' Nions et al. 1983; Frost & O'Nions, 1985 ; recalculated for 500 Ma). Similarly low values in the granitoids of the collision stage requires large-scale homogenisation of the variety of lithologies or isotopically similar protholiths within the Dalradian rocks. In Fig. 5 it can be seen that the samples of the collision stage overlap the isotope evolution of the Rhinns, the Dalradian, as well as Grenvillian rocks. This coincidence shows that the Nd isotope data alone cannot constrain possible source rocks. However, involvement of Dalradian metasediments is supported by field evidence from the NE Grampian Highlands showing migmatites with sill-like granitic bodies and granites with rafts of metasedimentary rocks of/or gradational contacts to Dalradian country rock (Johnson et al. 2001; Johnson et al. 2003; Stephenson & Gould 1995) . The REE patterns of samples RC-15 and DH-2 reveal subordinate negative Eu-anomalies indicating little plagioclase control during magma evolution and fractionated HREE patterns are consistent with partial melting of garnet-bearing sedimentary rocks, probably greywackes (McMillan et al., 2003) . Magma evolution by fractional crystallization from a mafic parental magma would have resulted in prominent negative Eu-anomalies (Gromet & Silver 1987) in these rocks and can be ruled out. The unusually low total REE abundances suggest a source that underwent previous melting and possibly consumption of plagioclase. RC-15 and DH-2 have within-error limits similar ages and geochemical-isotopic characteristics suggesting a comagmatic relationship. It can be seen that sample RC-15 with ca. 73% SiO 2 has a factor of two higher-REE abundances than the little more fractionated sample DH-2 with ca. 74% SiO 2 . If both samples were produced as separate magma batches by melting of a similar source, as required by Nd isotopes, the much higher REE abundances in sample RC-15 would require a much a smaller degree of source melting than for DH-2. However, the similar K 2 O concentrations in both samples preclude large differences in the melting degrees for these samples and we need to explain the relationship of these samples and their different REE abundances by fractionation of accessory phases, rich in REE. This cannot be achieved with major rock-forming silicates as they have low partition coefficients for the REE and their fractionation cannot explain the low REE abundances in DH-2 (e.g. Henderson, 1984) . The very low P 2 O 5 -concentration in DH-2 suggest fractionation of P-bearing phases such as apatite and monazite both having very high REE concentrations and its low Ti concentrations may be due to involvement of sphene (e.g. Henderson, 1984) . Their removal from a magma with the composition of RC-15 would drastically lower the REE abundances. As the REE pattern in apatite is only slightly convex with highest enrichment of the middle REE its fractionation is potentially suited to lower the overall REE abundances in the evolved melt as required for sample DH-2. This would also explain the smaller negative Eu-anomaly in DH-2 than in RC-15 as apatite discriminates against Eu. A higher Gd/Yb ratio in DH-2 is consistent with an origin by apatite fractionation from a parental magma such as RC-15, but a lower La/Sm ratio is the opposite of what would be expected. We suggest additional fractionation of highly LREE-enriched allanite and/or monazite which would decrease the La/Sm in the evolved magma. The unusual small Nbanomaly of RC-15 and DH-2 appears to be inherited from the source as trace-element pattern of Dalradian metapelitic rocks exhibit likewise very small negative Nb anomalies (Johnson et al. 2003; Dalrymple 1995) . Applying the same line of reasoning to younger granitoids GK-3 and M-4, differing mainly in their contents of LREE at similar HREE, we suggest a comagmatic origin and fractionation of LREE-enriched monazite to account for the lower LREE abundances in the chemically more evolved sample GK-3. Both samples show slightly positive Eu-anomalies indicating presence of cumulate plagioclase in particular in sample GK-3. Noteworthy are the little fractionated HREE patterns consistent with melting of garnet-free sources.
Subduction-related granitoids. Granitoids of 425 to 406 Ma, i.e. those intruded after the Midland Valley arccontinent collision, were interpreted as related to plate subduction along an Andean-type plate margin and represent the final igneous event of the Caledonian Orogeny in Scotland (e.g. Dewey 1971; Soper 1986; Oliver et al. 2008) . These granitoid samples yielded much higher initial ε Nd values of -6.9 to -2.1 and relatively young Nd model ages of 1.6 to 1.2 Ga when compared with the collision stage samples (Fig. 5, Table 2 ). Their sources show clearly involvement of significant amounts of juvenile mantle-derived material. A very wide range of rock types ranging from granodiorites to alkali granites with I-type and S-type characteristics were produced during this event. Alkali granites are associated with crustal rifting (e.g. Lee et al. 2003) supporting that the magmatic arc possibly underwent extension (Soper & Hutton 1984; Oliver 2003; Dewey & Strachan 2003; Oliver et al. 2008) . It is noteworthy that highly evolved granitoids dominate the rock spectrum in the subduction stage. Intermediate andesitic compositions are evidently missing and this finding suggests melting of mostly crustal protoliths as would be expected in regions of thick crust heated from below by underplating of basalt or input of heat from rising asthenosphere after delamination of lower crust. Development of a lower and middle crust with mixing, crustal assimilation, storage, and hybridization of melts (MASH) as originally proposed by Hildreth & Moorbath (1988) and refined by Annen et al. (2006) for Andean-type margins may serve as a model. During plate subduction below Laurentia mantle-derived melts probably underplated and assimilated older crust of possibly Laxfordian and Grenvillian origin. The mixing of residual melts from basalt crystallization and crustal partial melts of metasedimentary and metaigneous rocks can lead to diverse signatures in isotope and traceelement chemistry (Annen et al., 2006) . The Nd isotope signature of the subduction-related granititoids indicates variable mixing of different sources, whereas the trace-element chemistry is mainly controlled by fractionation processes. The range in initial ε Nd values of -2 to -8 of the subduction-related granitoids suggests a heterogeneous lower basement of the Grampian terrane, which is probably of Laxfordian and Grenvillian origin and has been rejuvenated during the Caledonian orogenic cycle. Assimilation of Dalradian metasediments during magma ascending may contribute to low initial ε Nd values. Mantle-derived and associated Lorne lavas yielded initial ε Nd values of up to 1.2 (Thirlwall 1982) . The arc-like REE patterns in 420 to 415 Ma samples (e.g. GD-16, MC-5, GG-12) strongly suggest plate subduction and melting of mantle and lower crustal sources for these samples. This interpretation is at odds with the geodynamic model of Oliver et al. (2008) who argued for ceasing of plate subduction at 420 Ma, followed by calc-alkaline magmatism in extensional basins during slab-roll back. The samples are similar to the "high Ba-Sr" granites of the Argyll Suite described by Stephens and Halliday (1984) . The 420-415 Ma samples are metaluminous in composition indicating a high proportion of igneous material in their sources. The protoliths also contain in some cases large amounts of mantle-derived material as indicated by initial ε Nd values of up to -2.1 (Fig. 5, Table 2 ). The LREE-enriched patterns show only minor negative Eu-anomalies typical of many subduction-related magmas from mature island arcs or active continental margin (e.g. Gromet & Silver 1987) . The magmas must have erupted rapidly from the lower crust without ponding in shallow-level magma chambers with major plagioclase fractionation (Gromet & Silver 1987) . The high Sr and Ba concentrations in these rocks further reflect the subordinate role of feldspar and large contributions of slab-derived fluids, respectively (summary of references in Morris & Ryan 2004) . These features together with unfractionated HREE patterns suggesting limited melt fractionation of mantle-derived magmas outside the garnet-stability field (Fowler and Henney 1996; Fowler et al. 2001) . Of the 420 to 415 Ma old rock suite, sample GD-16 is of basaltic-andesite composition (MgO 4.2 wt.%) and represents a typical mantle-derived melt from subduction-modified mantle. Its low initial ε Nd value of -5.9 indicates a large proportion of older crustal material inherited from assimilation of lower crust. The granodiorites MC-5 (420 Ma) and GG-12 (415 Ma, Fig. 4d ) have similar REE patterns but much higher initial ε Nd value of -3 to -2 indicating different sources than that of mafic granitoid GD-16. The origin of granodiorite (e.g. samples MC-5 and GG-12) in subduction zone has been discussed in the context of magma fractionation from basaltic parental magmas and partial melting of mafic protoliths (see discussion in Gromet & Silver 1987) . The lack of intermediate rock compositions and distinct negative Eu anomalies in the granodiorite samples do not support magma fractionation as the primary process for their development. Instead we suggest in addition to mantle melting, partial melting of mafic lower crust during magma storage in the lower crust (e.g. Rapp & Watson 1995) . Another group of subduction-related granitoids comprises high-silica alkali granites of the Peaterhead intrusion that was emplacement at ca. 425 Ma. (e.g. P-22, P-27, Fig. 4e ) shortly before the end of plate subduction according to the model of Oliver et al (2008) . For these granitoids magma evolution in shallow-level magma chambers in the presence of feldspar and Ti-oxides is indicated by their large negative Eu-, Sr-and Ti-anomalies, respectively. For these samples we suggest a two-stage magma evolution by partial melting of mafic lower crust followed by magma fractionation at higher crustal levels. Initial ε Nd values of -4 to -7 indicate involvement of large proportions of older crust. Besides the more typical subduction-related rocks highly fractionated alkali granite dykes as can be found in the Glen Gairn and Peterhead intrusions (samples GG-11, P-25) were emplaced during final plate subduction. These samples show very distinct and similar geochemical and isotopic characteristics so that we assume them to be of similar age and comagmatic origin. Both ages that we cite have not been published so that the definite age of these samples may be 415 Ma as suggested by U-Pb zircon dating (Parry, pers. com.) or 425 Ma (Torsvik, pers. com.). The age difference is not important here for deciphering their petrogenesis. The evolved major-element composition and remarkable depletion in P 2 O 5 and LREE may be due to fractionation of monazite, allanite and apatite. Low Ba, Sr, Eu, and Ti contents can be explained by extensive magma fractionation of feldspar, and FeTi-oxides. ε Nd values of -6.2 and -6.4 suggest sources similar to those of the contemporaneously emplaced granitoids. The REE patterns of these samples show a slight tetrad effect that is characterized by four element groups (La-Nd, Nd-Gd, Gd-Er, Er-Lu) forming four segments of convex patterns. The tetrad effect is often accompanied by a non-charge-and-radius-controlled (non-CHARC) behaviour of other trace elements (Bau 1996) as reflected in Zr/Hf ratios of 12 and 14, respectively that are distinct from a ratio of 37 ± 3 in mantle-and crust-derived igneous rocks (Bau 1996) . These characteristics have been explained as due to melt fractionation processes, a major influence of apatite (McLennan 1994) and interaction of residual granitic melts with hydrothermal fluids in a highly evolved magma system (Jahn et al. 2001) . Adopting the hypothesis that the felsic rocks types represent partial melts of lower crust, rather than the products of fractionation of mafic parental melts, these high-silica LREE-depleted granitoids may could represent small-volume residual melts after extensive shallow-level melt fraction.
The ca. 406 Ma old granites (s.s.; e.g. MB-19, LL-9, B-13; Fig. 4 ) are transitional between I and S-type and may have been generated after active subduction (Oliver et al, 2008) . As mantle melting cannot have been important anymore, we interpret these typical granites as resulting from melting of lower crust similar to that involved during final plate subduction as indicated by initial ε Nd values of -4 to -5. Large negative Eu-, Sr-and Tianomalies are consistent with magma evolution in shallow-level magma chambers in the presence of feldspar and Ti-oxides. The geochemical similarity and the small range in initial ε Nd values these granites indicate very similar sources and petrogenetic processes. Interesting to note is that the geochemical evidence in these granites fails to identify the tectonic environment of their genesis, instead characteristics of older tectonic processes are recycled in their trace elements and isotopes.
Plate tectonic development
The Caledonian magmatism in Scotland is closely related to the tectonic evolution of the Laurentia margin and can be unravelled with the chemical and isotopic data of igneous rocks represent the different stages of orogeny. In the Neoproterozoic Laurentia rifted from West Gondwana during the break-up of the supercontinent Rodinia and the initial opening of the Iapetus Ocean. In the Ordovician collision of island arcs with Laurentia marked the beginning of the closure of the Iapetus Ocean, which resulted in the amalgamation of Laurentia, Avalonia, and Baltica. Below we discuss a possible geodynamic evolution of the Grampian terrane (Fig. 1c) that follows recently published models (Oliver 2001; Oliver 2003; Oliver et al. 2008 ) and integrates the new geochemical and isotope information obtained in this study. It can be seen that the geochemical data of the highly dynamic orogenic development provide a rather simple image of crustal evolution with remobilization of pre-existing crust followed by production of increasingly more rejuvenated crust.
Rifting stage.
Crustal thinning and lithospheric rifting at ca. 600 Ma produced bimodal mafic-felsic magmatism consistent with melting of mantle and crustal sources during (e.g. Sears et al. 2005) (Fig. 1c, stage 1) . The ca. 590 Ma Ben Vuirich A-type granite (U-Pb zircon TIMS age, Rogers et al. 1989 ) yielded an initial ε Nd values of -4.9 (Hamilton et al. 1980 ) consistent with melting of mixed recycled-juvenile sources whereas the ca. 600 Ma Tayvallich volcanics (Dempster 2002 ) with initial ε Nd values of up to +4 (Halliday et al. 1989 ) reveal mostly depleted upper mantle sources. The Tayvallich volcanics are probably related to extensive mantle melting and crustal underplating during continental break-up (Anderton 1985; Kamo et al. 1989) . From ~585 to 470 Ma the margin of Laurentia remained passive as the Iapetus Ocean was opening (Fig. 1c, stage 2 ; Oliver et al. 2008 ).
Collision stage.
There is general agreement that in the early Ordovician a continent-facing island arc collided with the Laurentia margin causing the Grampian Orogeny in Scotland (e.g. Dewey & Shackleton 1984;  Fig. 1c,  stage 3 ). Magmatic and cooling ages constrain magmatism, deformation, high-grade regional metamorphism, and unroofing of Scotland and Ireland to a short time interval from ~470 to 460 Ma (Friedrich et al. 1999; Soper et al. 1999; Dewey & Mange 1999; Oliver et al. 2000) . Geochemical and isotope data for the collision-related granitoids indicate rather uniform, mostly metasedimentary sources probably of old Dalradian provenance. Melting of sedimentary protoliths may have been facilitated by heat supplied from mantle-derived melts forming intrusions such as the "Newer gabbros" at ca. 470 Ma (Dempster et al. 2002) . The origin of these mafic to ultramafic intrusions as well as the high-grade regional metamorphism has been explained with a number processes such as slab break-off (Oliver 2001; 2003) , delamination of the lower mafic crust (Draut et al. 2002; , and contact of hot asthenosphere with the Laurentia margin as the arc collided with Laurentia (Dewey & Mange 1999) . Decompression melting of Dalradian metasedimentary due to isostatic readjustment of the thickened Grampian terrane has been suggested by Oliver (2001 Oliver ( , 2003 . Evidence for decompression, uplift and erosion is provided by K-Ar cooling ages of ca. 455 Ma for mica (Dempster 1985) and the contemporaneous deposition of metamorphic detritus from the Grampian terrane in the Southern Uplands accretionary prism (Oliver et al. 2000) . The data of this study corroborate a model that during the collision of the Midland Valley arc with the Grampian terrane melting of old metasedimentary rocks probably of Dalradian provenance was important. The traceelement data suggest melting of material with charateristics of garnet-bearing and garnet-free greywackes. The necessary heat may have been generated during crustal thickening and intrusion of mantle-derived melts. The lack of evidence for juvenile material in these granitoids, if representative for the collision stage, indicates that subduction zone melting below Laurentia was not important before ~430 Ma as proposed in recent models for Scotland (Oliver 2001; 2003) .
Subduction stage.
After the Grampian Orogeny an active Laurentia margin probably developed with subduction beneath the accreted Midland valley arc and Grampian terrane (Fig. 1c, stage 4) . Zircon ages constrain the final igneous activity to ~430 to 390 Ma (Oliver et al. 2008) . The geochemical data presented above show a very wide compositional spectrum of mostly granitoids suggesting melting of protoliths with a high proportion of mantlederived material. The sources of the granitoids apparently were produced in a plate subduction setting. It has been argued that subduction ceased with the soft docking of Avalonia before magmatism ceased (e.g. Soper et al., 1992) . This would imply that the late generation of magma resulted from post-subduction processes. This possibility cannot be precluded with the geochemical data presented here that show that the youngest granitoids are highly evolved granites probably derived melting of earlier rejuvenated crustal sources. Strike slip faulting due to the oblique collision of Avalonia and Baltica with Laurentia (e.g. Soper & Hutton 1984, Dewey and , slab roll-back (Oliver 2003) and/or slab break-off (Atherton & Ghani 2002) all would ensue heating of lower crust and decompression melting. Processes such as slab roll-back and slab break-off have been proposed during the late-stage of subduction but cannot be evaluated with geochemical data as they would result in magmatic underplating and production of granitoids with similar composition as during plate subduction. The Nd isotope evidence for melting of mantle-derived material maybe taken as evidence for plate subduction until ~400 Ma but is not capable to preclude extensive lower crustal melting in a collision zone.
Conclusions
The geochemical-geochronolocial data of granitoids from the Grampian Highlands are in agreement with melting of crust and mantle during continental rifting and associated magmatic underplating at ~600 Ma, arccontinent collision from ~470 to 450 Ma, and subsequent development of Andean-type plate margin. The geochemical-isotope data reveal two major igneous events that affected the crust. Granitoids produced during docking of the Midland Valley arc with Laurentia were predominantly derived by melting and recyling of older crust. Contemporaneously emplaced mantle-derived material apparently did not contribute to granite magmatism, and probably presented simply a heat source for melting of inferred Dalradian metasediments. During the final convergence of Avalonia and Laurentia melting of mixed and distinctly more juvenile sources reflect input of mantle-derived material during plate subduction. Contemporaneous emplacement of alkali granites can be explained with a rifting Andean-type plate margin as a consequence of oblique plate subduction or post-orogenic melting of collision zone assemblages. Normative mineralogical composition of granitoids from the Grampian Highlands plotted according to Streckeisen (1976) and LeMaitre (2002) . Abbreviations: Q = quartz, A= alkali feldspar, P = plagioclase. Collision-related granitoids are classified as typical granites. Subductionrelated rocks are compositionally more diverse including granites, alkali-granites, granodiorite, monzonite, and monzodiorite. Normalized rare-earth-and extended trace-element patterns for granitoids of the Grampian Highlands. The data are grouped with respect to their emplacement ages and inferred tectonic settings (Oliver et al. 2008) . Element concentrations for the primitive-mantle are from McDonough & Sun (1995) . Unfoliated coarse-grained granitoid with following major mineral phases: quartz (20%), plagioclase (45%), alkalifeldspar (30%), and biotite (5%).
Glen Doll: 419 ± 5 Ma, sample GD-16, z, SHRIMP, Oliver et al. (2008) GD-16 Granodiorite NK 121481
Unfoliated grey medium-grained diorite consisting of biotite and hornblende beside the major minerals plagioclase (60%), alkali-feldspar (20%), and quartz (20%).
Glen Gairn: ca. 415 ± 1 Ma, m, TIMS, Parry (unpubl. data, pers. comm., 2003) GG-11 Alkali granite (dyke) NJ 286003
GG-12 Granodiorite NO 272993
Unfoliated pink porphyric granitoid consisting of plagioclase (40%), alkali-feldspar (20%), quartz (15%), biotite (15%), and hornblende (10%).
Bennachie: 408 ± 5 Ma, sample B-13, z, SHRIMP, Oliver et al. (2008) B-13 Granite NJ 680185
Unfoliated pink coarse-grained granite made of smoky quartz (40%), alkali-feldspar (30%), plagioclase (20%), biotite (5%), and muscovite (<5%).
Crom Allt: ca. 405 Ma, wr, Rb/Sr, Clayburn (1981) CA-8 Monzodiorite NH 544063
Slightly foliated grey medium-grained granitoid with 50% plagioclase, 30% alkali-feldspar, and 20% quartz.
Loch Laggan: 406 ± 14 Ma, sample LL-9, z, SHRIMP, Oliver et al. (2008) LL-9 Granite NN 460850
Swarms of pink very fine-grained dykes and coarse-grained porphyritic pegmatites. The sample consists of quartz (40%) and alkali-feldspar (60%) occurring fine-grained and as phenocrysts. Unfoliated pink porphyric granitoid made of smoky quartz (40%), alkali-feldspar (55%), and biotite (5%).
Forest of Deer
FD-21 Granite NK 053471
Unfoliated yellowish porphyric granite consisting of quartz (35%), alkali-feldspar (30%), plagioclase (30%), and biotite (5%). Sample names correspond to the abbreviations of intrusions in Fig.1 . Major elements and gallium (Ga) were analysed by XRF. The trace elements of complete data sets were determined by ICP-MS, those of incomplete data sets by XRF. LOI, loss on ignition; b.d., below detection limit. ε Nd(t) values were calculated for magmatic ages (see Table 1 for references). T DM ages were calulated according to the two-stage model of Liew & Hofmann (1988) . The model considers two stages of differentiation, seperation to a depleted mantel reservoir and to a continental crust reservoir. Isotopic data of a) Hamilton et al. (1980) , b) Clayburn (1988) , and c) Halliday (1984) were recalculated with the new zircon ages reported by Oliver et al. (2008) . The ε Nd(t) values of Aberdeen and Lochnagar intrusions were calculated with the monazite ages of Kneller & Aftalion (1987) and Parry (pers. com.). The initial ratio of Ben Vuirich granite is based on the TIMS zircon age of Roger et al. (1989) .
